[1] The August 2003 North American electrical blackout provided a unique opportunity to quantify directly the contribution of power plants to regional haze and O 3 . Airborne observations over central Pennsylvania on August 15, 2003, $24 h into the blackout, revealed large reductions in SO 2 (>90%), O 3 ($50%), and light scattered by particles ($70%) relative to measurements outside the blackout region and over the same location when power plants were operating normally. CO and light absorbing particles were unaffected. Low level O 3 decreased by $38 ppbv and the visual range increased by >40 km. This clean air benefit was realized over much of the eastern U.S. Reported SO 2 and NO x emissions from upwind power plants were down to 34 and 20% of normal, respectively. The improvement in air quality provides evidence that transported emissions from power plants hundreds of km upwind play a dominant role in regional haze and O 3 production.
Introduction
[2] The August 2003 electrical blackout that affected over 100 power plants in the northeastern U.S. and southeastern Canada provided a unique opportunity to evaluate the contribution of power plant emissions to regional haze and ozone (O 3 ). The impact of transported point source pollution on regional air quality depends on emissions, meteorology, and non-linear chemical responses. So far, quantification of the impacts has been based on multiyear measurement and modeling studies [e.g., Solomon et al., 2000] and results of long-term emissions reduction scenarios [Malm et al., 2002] . This paper presents results of direct measurements of the effect of power plant emissions reductions on regional air quality with all other factors held relatively constant.
[3] Fossil fuel burning power plants account for more than half of electrical energy production in the U.S., but also $22% of the nitrogen oxides (NO x = NO + NO 2 ) and $69% of the sulfur dioxide (SO 2 ) emissions [United States Environmental Protection Agency (U.S. EPA), 2003a] . NO x combines with volatile organic compounds (VOCs) in the presence of sunlight to produce O 3 , the principal component of photochemical smog. SO 2 may be oxidized to produce sulfate (SO 4 2À ), the primary constituent of PM 2.5 (particles with diameters 2.5 mm) in the northeastern U.S. [Malm et al., 2000] . In summertime, under high pressure with westerly transport, emissions of NO x and SO 2 in the northeastern U.S. induce severe smog and haze events, primarily comprised of O 3 and sulfate-dominated fine particles [Ryan et al., 1998; Sistla et al., 2001; Taubman et al., 2004a] . Both pollutants have been linked to adverse health effects, degradation of the environment, and global climate change [McClellan, 2002; Gent et al., 2003; U.S. EPA, 2003b; Houghton et al., 2001] .
[4] Airborne measurements were made over Maryland and Virginia (outside the blackout area) and Pennsylvania (in the center of the blackout area) on August 15, 2003, $24 h into the blackout. The results are compared to those from the previous summer in the same location and under similar meteorological conditions when upwind power plants were operating normally. Emissions data are examined in conjunction with back trajectories to quantify the contribution of power plants to the observed air quality. Results help quantify the impact of reduced SO 2 and NO x emission on air quality in the northeast U.S.
Sampling Platform
[5] A light aircraft outfitted for atmospheric research was used as the sampling platform. Ozone, CO, and SO 2 mixing ratios were measured using Thermo Environmental Instruments analyzers. Sub-micrometer particle counts were determined using a MetOne 9012 optical particle counter. Particle light scattering at 450, 550, and 700 nm was measured using a TSI 3563 integrating nephelometer. Particle light absorption at 565 nm was quantified with a Particle/Soot Absorption Photometer. For full details of instruments used, see Taubman et al. [2004b] . [7] The morning spirals (outside the blackout region) revealed trace gas mixing ratios and particle properties typical of those routinely observed on previous flights [Dickerson et al., 1995; Ryan et al., 1998; Taubman et al., 2004a] . Observations over Luray, for example, show maxima in SO 2 and O 3 mixing ratios in a thin layer at $1 km MSL (Figures 1a and 1b) . A corresponding peak in particle light scattering was also seen at this altitude; but values increased again below 500 m MSL (Figure 1c ), corresponding to a maximum in CO (Figure 1d ). These observations indicate a stable nocturnal boundary layer with a maximum depth of 500 m MSL. Above this altitude, NO x and SO 2 from power plants produced O 3 and SO 4 2À , respectively, which were transported in the residual layer. Below 500 m, the pollution was most likely of local origin. Particles observed in the nocturnal boundary layer may have been largely organics, the products of vehicle exhaust and home heating and cooking, which can scatter visible light efficiently [Malm et al., 1994] .
Results and Discussion
[8] Observations from the afternoon flight were different. Spirals over Selinsgrove, Pennsylvania revealed very little O 3 , SO 2 , and PM relative to the morning flight and areas to the south (Figures 2a -2c ). CO concentrations were within 0.5s of the 1992 median August and September values over Baltimore, Maryland and vicinity [Dickerson et al., 1995] , and remained fairly constant throughout the afternoon, apparently only varying with altitude ( Figure 2d ). Linear regressions between O 3 and SO 2 measured during the flight showed that O 3 over Selinsgrove was not correlated with SO 2 (r = 0.13), while it was elsewhere (r = 0.80). Observations over Selinsgrove are consistent with reductions in power plant emissions but no corresponding changes in vehicle emissions.
[9] To investigate whether the improvement in air quality over Selinsgrove was due to reductions in upwind power (Figure 3a) . A 100 km wide swath was then assigned to the trajectory paths to account for uncertainties. Hourly NO x and SO 2 emissions data (Nabors, K., personal communication, 2003) for U.S. power plants falling within the swaths were integrated over the 24 h period preceding the measurements (Table 1) . This enabled the pairing of upwind emissions data with wind trajectory analyses. A large source of uncertainty in this approach is the lack of emissions data from Canada.
[10] For comparison, the same back trajectory and emissions procedure was followed for Selinsgrove, PA on August 4, 2002 (prior to blackout), and Cumberland, MD on August 15, 2003 (out of blackout area). On August 4, 2002, Selinsgrove was under similar synoptic patterns as on August 15, 2003. Regional mean surface temperatures were $33°C on both days and wind speeds and directions were similar (Figure 3b ). This analysis yielded large differences in upwind power plant emissions (Table 1) . SO 2 and NO x emissions upwind of Selinsgrove on August 15, 2003 were reduced to 34% and 20% of normal and to 34% and 25% of that observed upwind of Cumberland, respectively (Table 1) .
[11] The impact of this emissions disparity on downwind air quality is illustrated in Figure 4 . Near surface SO 2 , O 3 , and light scattered by particles measured over Selinsgrove in 2003 were reduced by >90%, $50%, and $70%, respectively, relative to 2002 observations (Figures 4a -4c ). Defining visual range as the 98% extinction point, the reduction in aerosol extinction corresponds to an increase in visual range of >40 km. The concomitant decreases in SO 2 and particle light scattering suggest that improvements in visibility resulted directly from reduced power plant SO 2 emissions. Reductions in O 3 , apparently the result of decreased NO x emissions, were greatest near the surface ($38 ppbv) and fell off at higher altitudes where large-scale processes play a more dominant role in the O 3 budget. As with CO concentrations, however, light absorption by particles shows a less dramatic difference (Figure 4d ). In fact, absorption was higher in 2003 than in 2002, suggesting little or no reduction in vehicle emissions during the blackout relative to typical values. The single scattering albedo was 0.95 on the normal day, but fell to 0.85 during the blackout. Electricity generation produces very little CO or absorbing aerosols; instead, they are mainly emitted by vehicles that continued to operate during the blackout. No discernible changes in road vehicular traffic activity could be observed near or upwind of the study area during the blackout (D. Szekeres, Traffic counts data, Pennsylvania Department of Transportation (PDOT), Bureau of Planning and Research, personal communication, 2004) .
[12] Forward trajectories (not shown) run from Selinsgrove reach Baltimore, Philadelphia, and New York, depending on the altitude. Thus, the improvement in air quality depicted in Figure 4 was experienced over several major eastern cities. This is corroborated by the fact that O 3 concentrations in Maryland were forecasted to be 125 ppbv 
Conclusions
[13] Airborne measurements made over central Pennsylvania on August 15, 2003, $24 hours into one of the largest electrical blackouts in North American history, showed large reductions in SO 2 (>90%), O 3 ($50%), and light scattered by particles ($70%) relative to observations over western Maryland earlier in the day and over the same location the year before. This translated into a reduction in low level O 3 of $38 ppbv and an improvement in visual range of >40 km. Forward trajectories show that these improvements in air quality benefited much of the eastern U.S. CO and particle light absorption values did not change much, however, suggesting that vehicle emissions were largely unaffected during the blackout. Reported power plant SO 2 and NO x emissions upwind of central Pennsylvania on August 15, 2003 were 34% and 20% of normal, respectively. Thus, the decreases in SO 2 , O 3 , and particle light scattering appear to be predominantly due to reductions in power plant emissions hundreds of km upwind of the study area. The observed reductions exceed expectation based on estimated relative contribution of power plants to these pollutants and their precursors (NO x $22%, SO 2 $69% and PM $8%) [U.S. EPA, 2003a]. The dramatic improvement in air quality during the blackout may result from underestimation of emissions from power plants, inaccurate representation of power plant effluent in emission models or unaccounted for atmospheric chemical reaction(s). These unique observations will provide a resource for determining whether air quality models can accurately reproduce the contributions of specific pollution sources to regional air quality.
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